Gas-phase hydrogen/deuterium (H/D) exchange reactions for deprotonated 2=-deoxy-5=-monophosphate and 2=-deoxy-3=-monophosphate nucleotides with D 2 O were performed in a quadrupole ion trap mass spectrometer. To augment these experiments, molecular modeling was also conducted to identify likely deprotonation sites and potential gas-phase conformations of the anions. A majority of the 5=-monophosphates exchanged extensively with several of the compounds completely incorporating deuterium in place of their labile hydrogen atoms. In contrast, most of the 3=-monophosphate isomers exchanged relatively few hydrogen atoms, even though the rate of the first two exchanges was greater than observed for the 5=-monophosphates. Mononucleotides that failed to incorporate more than two deuterium atoms under default reaction conditions were often found to exchange more extensively when reactions were performed under higher energy conditions. Integration of the experimental and theoretical results supports the use of a relay exchange mechanism and suggests that the exchange behavior depends highly on the identity and orientation of the nucleobase and the position and flexibility of the deprotonated phosphate moiety. These observations also highlight the importance of the distance between the various participating groups in addition to their gas-phase acidity and basicity. (J Am Soc Mass Spectrom 2007, 18, 724 -736)
Gas-phase hydrogen/deuterium (H/D) exchange reactions for deprotonated 2=-deoxy-5=-monophosphate and 2=-deoxy-3=-monophosphate nucleotides with D 2 O were performed in a quadrupole ion trap mass spectrometer. To augment these experiments, molecular modeling was also conducted to identify likely deprotonation sites and potential gas-phase conformations of the anions. A majority of the 5=-monophosphates exchanged extensively with several of the compounds completely incorporating deuterium in place of their labile hydrogen atoms. In contrast, most of the 3=-monophosphate isomers exchanged relatively few hydrogen atoms, even though the rate of the first two exchanges was greater than observed for the 5=-monophosphates. Mononucleotides that failed to incorporate more than two deuterium atoms under default reaction conditions were often found to exchange more extensively when reactions were performed under higher energy conditions. Integration of the experimental and theoretical results supports the use of a relay exchange mechanism and suggests that the exchange behavior depends highly on the identity and orientation of the nucleobase and the position and flexibility of the deprotonated phosphate moiety. These observations also highlight the importance of the distance between the various participating groups in addition to their gas-phase acidity and basicity. ydrogen/deuterium (H/D) exchange has become a valuable tool for obtaining conformational information about gas-phase molecules . In recent years considerable effort has been invested to understand the mechanisms of gas-phase H/D exchange. Rigorous molecular modeling has often been used to clarify the locations of the exchanged sites or the kinetics of exchange based on accessibility of labile hydrogens and the ability of key functional groups to interact. Such studies are increasingly aimed at elucidating the conformations of biological molecules in the gas phase, ones for which secondary structures are complex and critical for function in solution.
Gas-phase H/D exchange reactions involve the formation of an ion-molecule complex [14, 15] . The lifetime of this complex is important, as results from numerous experiments have demonstrated that the exchange rate depends on the difference in the gas-phase acidity or basicity of the analyte and the deuterating reagent [14, 15, 31] , as well as the conformational access of the deprotonation site and deuterating agent to various reactive hydrogen atoms [15, 20, 21] . It is therefore not surprising that the bulk of the gas-phase H/D exchange studies have been performed using either a quadrupole ion trap (QIT) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] or, more predominantly, a Fourier transform ion-cyclotron resonance (FTICR) mass spectrometer [14 -27] , since these two techniques are well suited to trapping ions for variable periods to allow kinetic analysis. While the two methodologies have many fundamental similarities, they also have several inherent differences that impact the results of ionmolecule reaction experiments, including the temperatures of ions, the number of collisions that they undergo with the reagent or buffer gas, and the total reaction time.
Deoxyribose monophosphate nucleotides ( Figure 1 ) are the fundamental building blocks of oligonucleotides and engage in an array of intermolecular hydrogen bonds that are important for building the complicated secondary structure of DNA. FTICR mass spectrometry has been used to study gas-phase H/D exchange of both anionic [18, 19, 21] and cationic [22] mononucleotides. Robinson et al. studied both 5=-and 3=-mononucleotides using D 2 O as a deuterating agent and showed that in some cases the extents and rates of exchange varied with both the nucleobase and position of the terminal phosphate group [18] . In addition, key results for the 3=, 5=-cyclic monophosphate nucleotides suggested that the most probable mechanism of exchange required both spatial proximity and cooperation between the phosphate group and the nucleobase; a result consistent with a relay mechanism first proposed using protonated amino acids [14] and glycine oligomers [15] , and subsequently confirmed by a detailed examination of 5=-adenosine monophosphates [21] . As shown in Scheme 1, the relay mechanism requires the formation of a hydrogen-bonded complex between a hydrogen donor site of the target compound, the deuterating reagent, and a deuterium acceptor site of the target compound, in which the deuterating reagent must bridge two sites of the target compound, thus restricting the maximum distance spanned between the hydrogen donor and acceptor sites [7, 32] .
The H/D exchange of mononucleotides using D 2 O in the FTICR produced relatively few exchanges [18, 19] . Therefore, alternate deuterating agents were investigated, and it was shown that the use of D 2 S as a deuterating agent significantly enhanced the rates and often the extents of these reactions [19] . However, regardless of the deuterating agent used, none of the H/D exchange reactions of the 5=-monophosphate nucleotides were observed to go to completion, even at reaction times up to 360 s [18, 19] .
In addition to the H/D exchange experiments described above, extensive theoretical modeling and ion mobility (IM) studies have been performed on the deprotonated 5=-mononucleotides [33] . Although the computational results suggested the existence of two families of low-energy conformations, only one peak was observed in the IM arrival time distributions at temperatures as low as 80 K. These results implied that either only one family of conformers existed for the Canonical structures of the 2=-deoxy monophosphate nucleotides. The phosphate group can be located at either the 3=-or 5=-position of the ribose. As indicated, each monophosphate structure also contains one of the nucleobases attached via the N-glycosidic bond at either the N9 or N1 position. deprotonated mononucleotides or that if multiple conformations did exist, the energy barriers to interconversion were relatively low and anions could sample rapidly the different structures during their time in the drift cell. The present work focuses on the examination of the gas-phase H/D exchange behavior of both anionic 3=-and 5=-mononucleotides in a quadrupole ion trap. Since the results of the H/D exchange reactions are likely to be different than those obtained by FTICR mass spectrometry, the experiments performed here serve as a basis for future work involving gas-phase studies of more complex oligonucleotides in a quadrupole ion trap mass spectrometer. Thus, the observed trends will be critical for the successful interpretation of future results.
Experimental

Chemical Reagents
Monophosphate 2=-deoxynucleotides [e.g., 2=-deoxyadenosine-5=-monophosphate (5=-dAMP), 2=-deoxycytidine-5=-monophosphate (5=-dCMP), 2=-deoxyguanosine-5=-monophosphate (5=-dGMP), 2=-deoxythymidine-5=-monophosphate (5=-dTMP), 2=-deoxyadenosine-3=-monophosphate (3=-dAMP), 2=-deoxycytidine-3=-monophosphate (3=-dCMP), 2=-deoxyguanosine-3=-monophosphate (3=-dGMP), and 2=-deoxythymidine-3=-monophosphate (3=-dTMP)] were purchased from Sigma-Genosys (The Woodlands, TX) as desalted standards. D 2 O was purchased from Sigma-Aldrich (St. Louis, MO). All of these compounds were used without further purification. Stock standards of the mononucleotides (10 Ϫ3 M) were prepared in water. Working standards (4.0 ϫ 10 Ϫ5 M) were prepared by diluting a fraction of the appropriate stock standard with the requisite amount of HPLC grade methanol.
ESI-QIT Mass Spectrometry
The instrument used for the analyses was a Hitachi (Japan) 3DQ quadrupole ion trap mass spectrometer (model: M-8000 LC/3DQMS) equipped with an electrospray ionization (ESI) source. The nitrogen sheath gas of the ESI source was set to 2.2 kg/cm 2 and the helium buffer gas inside the trap was set to 3.0 kg/cm 2 , yielding a helium pressure of ϳ1 mTorr. Mononucleotide solutions (4.0 ϫ 10 Ϫ5 M) flowing from a syringe pump at 15 L/min were combined with a makeup flow of 120 uL/min HPLC grade methanol to provide a total flow of 135 L/min to the ESI source. This procedure is an artifact of the 3DQ source which is designed for HPLC applications, thus reducing the effective concentration to 5.6 ϫ 10 Ϫ6 M. The adjustable temperature settings of the electrospray source were set as follows: assist gas heater 200°C, desolvator 200°C and aperture 1 190°C. The ESI probe, drift and focus voltages were optimized as necessary with typical values being 2.8 kV, 65V, and 40 V, respectively. All analyses were performed in the negative ion mode with the photomultiplier detector voltage set at 610 V.
Several temperature-variable H/D exchange reactions were also undertaken for selected deprotonated 2=-deoxy-mononucleotides to investigate the impact of increasing the energy of the ions on the observed extent of exchange. The internal temperature of the quadrupole ion trap was monitored by attaching an external thermocouple (K series) to the feedback leads running to the instrument control board. Under default conditions the Hitachi ion trap is heated resistively at a constant 5 V and has a measured equilibrium trap temperature near 55°C. Attachment of a variable voltage source (0 to 15 V) to the resistive heater allowed the trap to be heated to temperatures greater than 55°C, with a maximum near 125°C. While these higher temperatures are not necessarily optimal for spectrometric performance of the quadrupole ion trap, they do allow the temperature of the trap to be used as an additional experimental variable. The instrument was also equipped for direct laser irradiation of the internal volume of the ion trap by focusing a Synrad CO 2 laser through a zinc selenide window. In the experiments that involved laser irradiation, the laser power was held at a very low percent (usually Յ5%) of 50 W maximum to avoid analyte fragmentation.
H/D Exchange
All of the H/D exchange reactions were conducted in the gas phase inside the quadrupole ion trap. Deuterium oxide (D 2 O) was used as the deuterating agent and introduced to the ion trap via a custom leak valve assembly°as°described°previously° [10] .°Using°this arrangement, the exchange gas was admitted to the ion trap independent of the helium buffer gas. The typical base pressure of the system including helium buffer gas was nominally 5 ϫ 10 Ϫ5 torr as measured by the ion gauge. The extent of exchange was observed by monitoring the relative abundance of the precursor ion and deuterated species while the pressure of the exchange reagent was held near 3.5 ϫ 10 Ϫ4 torr. Ions were accumulated for 25 ms with a subsequent isolation time of 10 ms. Reaction times with D 2 O varied over several orders of magnitude with the maximum time being 10 s. Each mononucleotide was analyzed individually and followed immediately by a similar series of experiments for the complementary isomer. In addition, experiments were repeated on at least one other day under very similar if not identical conditions to assess reproducibility.
The KINFIT program is a downloadable Microsoft excel add-in that is used for data fitting by solving sets of°coupled°ordinary°differential°equations° [34] .°Here°it was used to estimate rate constants and construct kinetic plots for the H/D exchange reactions using the default parameters for H/D exchange located in the program code. Before data fitting, all data were normalized and isotopic corrections to peak intensities were made based on the theoretical amounts of 13 C in each peak. Peaks that were less than 1% of the intensity of the base peak were omitted from the equation fitting. In addition, exchange factors were calculated at 100 ms by taking the sum of the peak heights for all deuteriumexchanged ions divided by the sum of the height of the unexchanged precursor and the calculated abundance of°its°1 3 C°isotope° [6] .
Molecular Modeling
All molecular modeling was performed in house using the CAChe Worksystem Pro package and Gaussian 03W° [35] .°Ab°initio°determination°of°the°gas-phase acidities of the various deprotonation sites of the mononucleotides was performed using a multi-step process. The CAChe program was used to perform an initial optimization of the geometry of each mononucleotide by°first°utilizing°the°MM3° [36] °force°field°and°then conducting a subsequent optimization at a semi-empirical°level°of°theory°using°the°AM1° [37] °parameteriza-tion. The optimized Cartesian atomic coordinates from the AM1 procedure were used as the input for a final ab initio optimization of the geometry using the restricted Hartree-Fock (RHF) level of theory and the 6-31G(d) basis set in Gaussian. This model chemistry is prominent through much of the literature and has been shown to be quite adequate for predicting molecular geometry° [38] .°Frequency°calculations°were°also°per-formed with RHF/6-31G(d) to both insure that the optimized geometries were a local minimum and to obtain a value for the zero point energy correction (ZPE). Zero point energies were scaled appropriately using°the°factor°of°0.9135°as°reported°by°Pople°et°al.° [39] .
Final single point energies (SPE) of the mononucleotides were calculated using the RHF optimized nuclear coordinates and the B3LYP/6-311ϩϩG(d,p) model chemistry.
Calculation of the relative acidities of each potential deprotonation site was completed to assess the most likely location of the negative charge. The gas-phase acidity corresponds to the energy difference between a neutral molecule and its deprotonated form, with the labile proton having the greatest gas-phase acidity being the most likely one lost in the ionization process. With the total energy of a species being approximately the sum of its single point energy and corrected zero point energy, the acidity can be calculated as ⌬H acidity ϭ ⌬H HA Ϫ ⌬H A Ϫ where ⌬H HA ϭ SPE HA -ZPE corr HA for the neutral molecule and ⌬H A Ϫ ϭ SPE A ϪϪ ZPE corr A Ϫ for the anion.
In addition to the acidity calculations, dynamic simulations were carried out to investigate possible lowenergy gas-phase conformations and to evaluate the impact of variations in conformation on the distance between the deprotonated charge site and the remaining exchangeable hydrogens. In each case the optimized RHF/6-31G(d) geometry from the acidity calculation was used as a starting point for a simulated annealing approach°similar°to°that°described°previously° [33] .°In the annealing procedure an optimized starting structure was heated for 30 ps at 800 K then subjected to a second cooling of 10 ps at 0 K using the augmented MM3 force field and energy minimized again. The resulting structure was saved and used as the starting structure for a subsequent annealing cycle. A total of 100 annealing cycles were completed and the resulting conformations were sorted by potential energy. The lowest energy conformation(s) were then subjected to additional molecular dynamics simulations of 1000 ps at 300 K. In these simulations, snapshots were saved every 1 ps to generate a total of 1000 conformations per simulation that tracked the molecular motion over time. Distances between key atoms were then calculated using the Cartesian coordinates of the nuclear centers for each snapshot.
Results and Discussion
Gas-Phase Acidity Calculations
Intuitively, the phosphate group is expected to be the most acidic functional group of the mononucleotides. Prior gas-phase acidity calculations using isolated nucleobases and carefully chosen model compounds supported this hypothesis° [18,°19,°21] .°However,°those°calculations°were not capable of capturing any of the potential intramolecular interactions between the phosphate group, the hydroxyl group of the ribose, and nucleobase that could stabilize many of the mononucleotide structures. Since these types of intramolecular interactions could differ for the two isomeric groups studied here, it was deemed prudent to calculate the gas-phase acidities of the complete monophosphate nucleotides.
Several conclusions can be drawn from the acidity results°presented°in°Table°1.°Foremost°are°the°affirmations that the phosphate group is the most likely site of deprotonation for the 5=-monophosphate nucleotides and that the nucleobases are not favorable deprotonation sites for either set of isomers. These results indicate that any exchange involving these labile nucleobase hydrogens via a relay mechanism must depend on the relative location of the other possible deprotonation sites.
The calculated acidities for the 3=-phosphate groups and 5=-hydroxyl groups of the 3=-monophosphate nucleotides were found to be very similar due to the formation of a hydrogen bond between the phosphate group and ribose hydroxyl group when the charge was placed at either of the two sites. Interestingly, this hydrogen bond was not apparent when the 5=-monophosphates were deprotonated at the 3=-ribose hydroxyl group. Therefore, while deprotonation of the phosphate group confirmed the same hydrogen-bonded conformation as identified by°both°Amber°molecular°mechanics° [33,°40] °and semi-empirical°calculations° [18] ,°charge°localization at the 3=-ribose position did not. These calculations suggest that an energy barrier may impede the for-mation of the hydrogen-bonded conformation when the charge is remote from the 5=-phosphate group. The height of this barrier is unknown, but it may influence the relative behaviors of the 5=-and 3=-monophosphate nucleotides if the negative charge were to become localized at the ribose following H/D exchange via the relay mechanism.
H/D Exchange
The typical progression of the hydrogen/deuterium exchange reactions of the 2=-deoxy mononucleotide anions with D 2 O inside the quadrupole ion trap (QIT) is exemplified°by°the°reaction°of°2=-deoxy-5=-cytidine monophosphate°(5=-dCMP)°shown°in°Figure°2.°As°the reaction time increased from 10 ms to 10 s, an increase in the abundance of the deuterated ions D(1), D(2), D(3), and D(4) was observed with a corresponding decrease in the abundance of the precursor ion, D(0). The kinetic data that were gathered for this exchange reaction are depicted°in°Figure°3.°Similar°kinetic°plots°were°used°to calculate the rate constants for the reactions of each deprotonated 2=-deoxy-monophosphate nucleotide with D 2 O. Both the exchange factors at 100 ms and the rate°constants°are°summarized°in°Table°2.
In°some°cases,°as°observed°for°5=-dCMP°in°Figures 2°and°3,°the°reaction°resulted°in°complete°exchange°of all the labile hydrogens for deuterium. In other cases exchange ceased after the complete exchange of only several of the available hydrogens and continued reaction time produced no further exchange. After a reaction time of 10 s, all of the deprotonated 2=-deoxy-mononucleotides, including both 5=-and 3=-phosphate compounds, were observed to exchange at least two labile hydrogens. However, examination of the rate constants shows that in all cases the exchange of the first two protons occurred more quickly for the deprotonated 2=-deoxy-3=-phosphate mononucleotides than for the corresponding deprotonated 2=-deoxy-5=-phosphate mononucleotides. Furthermore, with the exception of 2=-deoxy-5=-adenosine monophosphate (5=-dAMP), exchange of all labile hydrogens was observed to some extent for all of the 5=-phosphate compounds. In contrast, 2=-deoxy-3=-guanosine monophosphate (3=-dGMP) was the only 3=-monophosphate isomer to exchange more than two labile protons. Thus, while the rate constants for D (1) and D(2) were larger for the 3=-monophosphate isomers, there were several cases where a greater extent of exchange was observed for the 5=-monophosphates despite having smaller rate constants for the first two exchanges.
Overall, the extent of exchange in the QIT was greater than or equal to that previously reported for dCMP analogs. For the 5=-phosphate isomer, the dominant product after 10 s corresponded to the complete exchange of three deuterium atoms for hydrogen, D(3), with the reaction proceeding essentially to completion within 4 s. In contrast, the dominant product for deprotonated 3=-dTMP after as little as 500 ms and up to 10 s incorporated only two deuteriums, never three deuteriums as observed for the 5=-dTMP isomer.
These results can be rationalized by two factors associated with the structures of the mononucleotides (Figure°5a°and°b).°When°the°phosphate°is°in°the°5=-position, it is located on the same side of the ribose ring as the nucleobase, whereas the 3=-position places the two groups on opposing sides of the ring. The 5=-position is thus more favorable than the 3=-position for exchange of the nucleobase hydrogens via the relay mechanism because the distances between reactive sites are inherently greater when the groups are positioned opposite each other. Furthermore, when the phosphate is at the 5=-position, the four flexible bonds between the deprotonation site and the relatively rigid sugar provide an additional degree of freedom when compared with the 3=-phosphates, which have only three bonds between the charge site and the ribose. The additional flexibility facilitates an increase in the possible intramolecular interactions between the deprotonation site and more distant atoms. Therefore, the 5=-phosphate moiety may participate in several different exchange reactions for the cytidine and thymidine compounds, while the 3=-phosphate moiety is primarily stabilized by the interaction with the 5=-ribose hydroxyl group.
2=-Deoxy-Guanosine Monophosphate Isomers (5=-dGMP and 3=-dGMP)
For comparison, representative H/D exchange spectra for°both°deprotonated°5=-dGMP°and°3=-dGMP°after°10°s exchange°time°are°shown°in°Figure°4c°and°d.°For°both isomers, the dominant product after 10 s incorporated four exchanges, D(4). Overall, the H/D exchange reactions of the 3=-dGMP isomer were much faster than that of°5=-dGMP,°as°illustrated°by°the°greater°rate°constants in°Table°2,°and°the°exchange°of°four°or°five°hydrogens was more complete than observed for the 5=-dGMP isomer. As evidenced by the steady growth in the product incorporating five deuteriums beyond 500 ms, possibly both dGMP isomers could eventually undergo complete exchange of all five labile hydrogens, resulting exclusively in the D(5) product, had the ion trap software allowed reaction times beyond 10 s.
As°shown°via°REMPI°spectroscopy° [44] °and°in°the modeling calculations performed in conjunction with this°work°and°those°performed°previously°[20,°33,°40], guanine was the only nucleobase to favor a Ϫsyn orientation that places it directly over the ribose ring in the°gas°phase°(Figure°5c).°For°5=-dGMP,°this°arrange-ment places the deprotonated phosphate group, the 3=-ribose hydroxyl and the nucleobase hydrogens in very close proximity. Stabilization can occur through forma- Exchange factors (at 100 ms) were calculated as described in the literature [6] after isotopic corrections. Rate constant values as determined by kinetic fitting using Kinfit [34] after correcting for isotopic contribution and ignoring those corrected peaks that had a relative abundance of less than 5%. Rates reflect the number of exchanges per second, but the number of ions is unknown so the rates are relative and essentially unitless. All rate constants are reported relative to 3=-dGMP ϩ D 2 O and expressed as relative rate ϫ 100.
tion of two hydrogen bonds involving the deprotonated phosphate, one with the ribose hydroxyl hydrogen and another with a primary amine hydrogen of the nucleobase. This conformation for 5=-dGMP might seem extremely suitable for a relay exchange mechanism as the deprotonation site is well within interacting distance of the labile hydrogen atoms. However, the stabilization of the labile hydrogens due to the hydrogen bonding actually appears to slow the reaction rate. This result coincides with other observations by Habibi-Goudarzi et al. for the dissociation of the mononucleotide anions by°CID° [45] ,°Vrkic°and°O'Hair°for°the°reaction°with trimethylborate° [13] ,°and°Yang°et°al.°for°the°ionization energy° [46] ,°where°the°suspected°intramolecular°hydro-gen bonding capability of 5=-dGMP was cited as the reason for the substantially different dissociation pattern, reactivity, and ionization energy, respectively. Unlike the other 3=-phosphate mononucleotides, the Ϫsyn orientation of the guanine nucleobase enabled 3=-dGMP to exchange more than two hydrogens. However, in this case apparently the concerted intramolecular interactions among the phosphate, nucleobase and ribose hydroxyl group are not as strong as those in the 5=-isomer since very rapid exchange was observed for 3=-dGMP. These results echo what was reported by Robinson et al., where 3=-dGMP had not only the fastest exchange rate of the mononucleotides studied, but also was the only the 3=-phosphate°to°show°appreciable°exchange°beyond°D(2) [18] .°Furthermore,°it°has°recently°been°reported°that°the first water of hydration, a process that is analogous to complexation with D 2 O, for the mononucleotides occurs at the phosphate group and may involve the deprotonated hydroxyl group and/or the doubly bonded oxygen atom° [40] .°Consequently,°if°the°interaction°between°the deprotonated phosphate and primary amine hydrogen for 3=-dGMP is not as strong as that for 5=-dGMP, these hydrogens may be freed to interact more strongly with the first bound D 2 O and their exchange could be responsible for the increased relative reaction rate. Therefore, while the proximities of the reactive sites may be important for exchange, these results also suggest that intramolecular hydrogen-bonding interactions that are too substantial may also limit the exchange rate. The important influence of hydrogen-bonding has also been discussed in the context°of°protein°hydrogen°exchange°in°solution° [47] . Ultimately, there appears to be a critical distance and amount of interaction between reactive sites that optimizes the relay exchange mechanism in the gas phase.
2=-Deoxy-Adenosine Monophosphate Isomers (5=-dAMP and 3=-dAMP)
Unlike the other purine nucleotides, (5=-dGMP and 3=-dGMP), neither deprotonated 5=-dAMP or 3=-dAMP exchanged more than two deuteriums atoms. While the rates of exchange of the first two protons were among the fastest of all the mononucleotides, as indicated by the°large°relative°rate°constants°shown°in°Table°2,°the reaction effectively ceased after as little as 250 ms and longer reaction times up to 10 s, failed to produced additional exchange. In contrast to the guanidine nucleobase that has labile hydrogens at the 2 position, the canonical form of the adenine has a primary amine at the 6 position, which tends to orient itself away from the deprotonated site when the nucleobase is rotated about the Nglycosidic bond. Without the stabilizing interaction of a hydrogen bond between the nucleobase and the deprotonated phosphate, the adenine mononucleotides will tend°to°favor°an°Ϫanti°nucleobase°orientation°( Figure  5d ).°In°this°orientation,°the°increased°size°of°the°purine ring compared with the pyrimidine ring places the labile hydrogens too distant from the deprotonation site to engage in the relay mechanism. Therefore, the H/D exchange behavior of the adenine mononucleotide isomers primarily involves the interaction of the deprotonated phosphate and the ribose hydroxyl group. Since these groups interact readily in both 5=-and 3=-phosphates, the H/D exchange behavior of the two adenosine isomers should be independent of the phosphate position, as is evident by the nearly identical exchange behavior observed in the present study.
Molecular Dynamics Simulations
Molecular dynamics simulations were performed to probe the various gas-phase conformations of the deprotonated mononucleotides. The previous molecular dynamics simulations performed on the 5=-phosphate mono- nucleotides identified two conformational families with the key variations attributed to the twist in the sugar ring and°the°relative°orientation°of°the°nucleobase° [33] .°The dominant family of conformations was reported to have the deprotonated phosphate hydrogen-bonded to the 3=-hydroxyl group and the nucleobases above the ring with the°sugar°in°a°C3=-endo°position° [33] .°These°calculations suggested that the adenine, cytosine, and thymine bases tended to orient themselves in an anti-position, whereas the guanidine base preferred a syn-position. Modeling investigations°of°cyclic°mononucleotides°cGMP° [48] °and cAMP° [49] ,°compounds°similar°to°a°mononucleotide°that has the deprotonated phosphate and ribose hydroxyl group hydrogen-bonded, also suggest these nucleobase orientations. Here, calculations analogous to those performed°by°Gidden°et°al.° [33] °have°been°performed°not only on the 5=-phosphates, but also extended to the 3=-phosphate mononucleotide isomers. Instead of examining collision cross section, as was done for the previous study, the focus here was on the distances between the deprotonated phosphate and the other groups of labile hydrogens as a means to investigate the feasibility of hydrogen/deuterium exchange via the relay mechanism.
For all of the dynamics simulations, the negative charge was assigned to one of the deprotonated oxygen atoms attached to the phosphorus atom. In reality, this charge is delocalized over the entire phosphate moiety, and the remaining labile hydrogen likely shuttles between the two possible deprotonation sites of the phosphate group. Not surprisingly, this hydrogen atom was consistently calculated to be less than 4 Å away from the assigned charge site. In addition, simulation results for both the 2=-deoxy-5=-monophosphate nucleotides and the 2=-deoxy-3=-monophosphate nucleotides indicated that the ribose OH group and the phosphate also tended to be in close proximity (i.e., a distance of between 2 and 4 Å). These values did not vary greatly with the identity of the nucleobase for the 5=-or 3=-isomers, and thus the remaining phosphate hydrogen and ribose hydroxyl group should be expected to be highly probable exchange sites for all of the 5=-and 3=-mononucleotide ions.
In contrast, the distances between the phosphate ion and the labile hydrogen atoms on the nucleobases varied significantly across the series of mononucleotides and depended on both the identity of the nucleobase and the location of the deprotonated phosphate (5=-versus 3=-position). The mononucleotides with the shortest distance between the two moieties were the guanidine°mononucleotides°5=-dGMP°and°3=-dGMP due°to°the°Ϫsyn°orientation°of°the°nucleobase°( Figure  5c ).°The°analogous°distance°calculations°for°the°cytidine and thymidine isomers (5=-dCMP, 3=-dCMP, 5=-dTMP, and 3=-dTMP) produced relatively few conformations where the two reactive moieties were within 4 Å of each other and only a modest number where they were within 6 Å. In addition, the 5=-phosphate isomers of thymidine and cytidine tended to have many more accessible conformations than their 3=-phosphate counterparts. Finally, both the 5=-and 3=-adenine isomers produced almost no conformations where the phosphate/nucleobase distance was less than 6 Å, thereby making them the least likely of the nucleobases to exchange via the relay mechanism.
Overall, the results of the dynamics simulations correlate strongly to the experimental data. With deprotonation occurring at the phosphate, exchange of the remaining phosphate hydrogen and ribose hydroxyl hydrogen were identified as being readily accessible for exchange. Likely, these two hydrogen atoms compose the majority of the D(2) ions observed throughout the mononucleotide H/D exchange reactions. Furthermore, the relative proximity of the nucleobase to the phosphate appeared to correspond to the extent of exchange observed beyond D(2), as many accessible conformations were calculated for the mononucleotides observed to exchange extensively (5=-dGMP, 3=-dGMP, 5=-dCMP, and 5=-dTMP) while relatively few accessible conformations were identified for those compounds that exchanged only two hydrogens (5=-dAMP, 3=-dAMP, 3=-dCMP, and 3=-dTMP).
Temperature Variable H/D Exchange
In contrast to the H/D exchange observed for the other deprotonated mononucleotides, the reactions involving 5=-dAMP, 3=-dAMP, 3=-dCMP, and 3=-dTMP incorporated a maximum of two deuterium atoms, D (2) . In each case the precursor parent ion was completely converted to the D(2) ion within 2 s reaction time, and additional time failed to promote any further exchange. Molecular modeling results suggested that the two observed exchanges were likely to be associated with the remaining phosphate hydrogen and the ribose hydroxyl hydrogen, based on their calculated distances to the deprotonation site. In addition, it appeared that the labile nucleobase hydrogens of these four mononucleotides were isolated from the deprotonation site due to conformational restrictions and possible potential energy barriers. As described in the experimental section, additional resistive heating of the ion trap and direct laser irradiation of the ion packet were employed to increase the amount of energy available to the ions in an attempt to overcome these obstacles.
For three of the four aforementioned mononucleotides, the extent of H/D exchange after 10 s with supplemental ion trap heating increased beyond D(2) (results°shown°in°Figure°6).°The°amount°of°increase varied°however,°with°the°results°for°3=-dCMP°showing the°most°dramatic°change°(Figure°6a°and°b).°Significant proportions of both D(3) and D(4) ions were observed when the exchange reaction was conducted at an elevated trap temperature of 95°C, which is 40°C higher than the measured default trap temperature. Additional exchange was also observed for 3=-dTMP, although in this case the trap required significantly more heating (nominally 125°C) to produce an average of only 10% D(3) ions (spectra not shown).
The nucleobase labile hydrogens that were most resistant to exchange were those of the 2=-deoxyadenosine monophosphates, both 3=-dAMP and 5=-dAMP. With additional ion trap heating, (up to 125°C), neither of these compounds was observed to exchange beyond D(2), but instead showed cleavage of the nucleobase from the precursor ion. However, when 5=-dAMP was subjected to both direct laser irradiation and resistive heating of the ion trap to 95°C, the average abundance of the ion of m/z 332 (initially 11% due to the D(2)- 13 C species) increased to over 47% compared with the abundance of the D(2) product°of°m/z 331°(Figure°6c°and°d).°Additional°heating or laser power in excess of 5% did not produce additional exchange, but again caused extensive fragmentation. Similar experiments were undertaken for deprotonated 3=-dAMP in which both the trap temperature and amount of direct laser irradiation were varied, however no additional exchange beyond D(2) was observed, regardless of the reaction conditions. Since heating alone was able to produce additional exchange for 3=-dCMP and 3=-dTMP, no laser irradiation experiments were conducted on these two mononucleotides.
The°results°in°Figure°6,°especially°those°for°3=-dCMP, demonstrate the considerable impact of the system energy on the observed H/D exchange spectra. While it would be convenient to infer that the additional exchanges are associated with the nucleobases, they could possibly involve hydrogens on carbon atoms. This type of energyinduced°scrambling°has°been°previously°reported° [23] . Another explanation is that the additional energy provided by the heating allows the ions to react via different exchange mechanisms, such as a more direct flip-flop mechanism that is independent of the relative positions of the°deprotonated°site°and°the°labile°hydrogen° [15] .°Fur-thermore, the additional energy may enable the mononucleotides to access different tautomeric forms in which a hydrogen atom shifts to an adjacent site accompanied by a migration of the adjacent double-bond that are more amenable to exchange. While it is not definitive, examination of the temperature variable results as a whole does provide some clarification. First, while an increase in exchange was observed for 3=-dTMP, it required much more heat (70°C above default) than for 3=-dCMP and was very modest, resulting in only 10% of the D(3) ion. Moreover, exchange of 5=-dAMP could not be enhanced by heating alone and required additional energy in the form of laser irradiation, and no increase in the extent of exchange could ever be induced for 3=-dAMP. Thus, apparently additional exchange is dependant on the identity of the nucleobase, thereby disfavoring the explanation of scrambling at the ribose ring. Second, closer examination of the nucleobases reveals that the canonical forms of cytosine and adenine contain similar secondary amine groups that would be expected to form identical six-membered ring complexes with D 2 O if a flip-flop mechanism were employed. Thus, the increase in exchange for 3=-dCMP, but lack of additional exchange for 3=-dAMP, suggests that a flip-flop mechanism is not involved. The lack of additional exchange for 3=-dAMP versus 5=-dAMP also weighs against the contribution of a flip-flop mechanism because the phosphate group apparently continues to play a role in the exchange.
Finally, one must consider the contribution of tautomeric°forms°of°the°nucleobases° [50 -53] .°In°most cases, both experimental and computational results suggest that the biologically relevant canonical forms are°predominant°at°room°temperatures° [53] .°How-ever, energy barriers between tautomeric forms vary with the nucleobases as cytosine and guanine both have gas-phase tautomers that are reported to be within°a°few°kcal/mol°of°the°global°minimum° [50, 53] .°The°corresponding°results°for°thymine°and°ade-nine suggested that their biologically relevant tautomeric forms were substantially higher in energy [50 -52] .°The°most°accessible°forms°were°reportedly between 11 and 18 kcal/mol greater in energy, while other rare forms were disfavored by more than 30 kcal/mol. Therefore, there is evidence to support the existence of tautomers of cytosine in the gas phase, especially at increased temperatures. Depending on the amount of energy available, it may also be possible to find tautomers of thymine or adenine, but significant energy barriers would need to be overcome. Thus, tautomerization could contribute to the observed deviations in exchange behavior for 3=-dCMP and possibly 3=-dTMP and 5=-dAMP at higher temperatures. While the exact mechanism for the additional H/D exchange remains unclear, evidence does support that it is both dependent on the nucleobase, either in its canonical or tautomeric form, and the relative location of the phosphate moiety.
Conclusions
Studies have been performed on both the 5=-and 3=-monophosphate nucleotides to assess their ability to exchange with a common deuterating agent, D 2 O, in a quadrupole ion trap. Variations in the exchange behaviors of the mononucleotide isomers confirm that the reactions are dependent on both the identity of the nucleobase and the position of the phosphate moiety. Several of the 5=-phosphate mononucleotides completely exchanged their labile hydrogen atoms while reactions involving the 3=-phosphate isomers terminated after exchange of only two deuteriums (i.e., dCMP and dTMP). In other cases, the exchange behavior between the isomers was similar, either because the nucleobase was not involved in the H/D exchange (i.e., dAMP) or because it was accessible to the deprotonated phosphate in either of the ribose positions (i.e., dGMP). The distinction between mononucleotide isomers by H/D exchange pattern shows promise for distinguishing sequences of larger oligonucleotides.
Extensive molecular modeling confirmed that the phosphate was the most likely deprotonation site of the mononucleotides and calculated distances between the phosphate and various labile hydrogens of conformations generated from molecular dynamics correlated strongly with experimental H/D exchange results. Mononucleotides with gas-phase conformations that kept the labile nucleobase hydrogens remote from the phosphate most likely exchanged only their phosphate and ribose hydroxyl hydrogen atoms. Again, these results were dependent on the flexibility of the phosphate and the orientation of the nucleobase.
Further experimentation using elevated trap temperatures and direct laser irradiation demonstrated that it is often possible to increase the extent of H/D exchange. These results suggest that the energy of the ions is vital to the observed exchange behavior and that increasing this energy has an impact on accessibility of gas-phase conformations of the canonical and possibly tautomeric forms of the ions. These results emphasize the importance of the reaction conditions in H/D exchange experiments and suggest the potential utility of conducting exchange reactions of larger oligonucleotides under a range of energy conditions.
